Electrically pumped semiconductor laser with low spatial coherence and
  directional emission by Kim, Kyungduk et al.
Electrically pumped semiconductor laser with low spatial coherence and directional
emission
Kyungduk Kim,1 Stefan Bittner,1 Yongquan Zeng,2 Seng Fatt Liew,1 Qijie Wang,2 and Hui Cao1, ∗
1Department of Applied Physics, Yale University, New Haven, Connecticut 06520, USA
2Center for OptoElectronics and Biophotonics, School of Electrical and Electronic Engineering and the Photonics Institute,
Nanyang Technological University, 639798 Singapore
We design and fabricate an on-chip laser source that produces a directional beam with low spatial
coherence. The lasing modes are based on the axial orbit in a stable cavity and have good direc-
tionality. To reduce the spatial coherence of emission, the number of transverse lasing modes is
maximized by fine-tuning the cavity geometry. Decoherence is reached in a few nanoseconds. Such
rapid decoherence will facilitate applications in ultrafast speckle-free full-field imaging.
The high spatial coherence of conventional lasers can
introduce coherent artifacts due to uncontrolled diffrac-
tion, reflection and optical aberration. A common exam-
ple is the speckle formed by the interference of coherent
waves with random phase differences [1, 2]. Speckle noise
is detrimental to full-field imaging applications such as
displays [3], microscopy, optical coherence tomography,
and holography [4]. It also poses as a problem for laser-
based applications like material processing, photolithog-
raphy [5], and optical trapping of particles [6].
Various approaches to mitigate speckle artifacts have
been developed. A traditional method is to average over
many independent speckle patterns generated by a mov-
ing diffuser [7, 8], colloidal solution [9], or fast scanning
micromirrors [10]. However, the generation of a series
of uncorrelated speckle patterns is time-consuming and
limited by the mechanical speed. A more efficient ap-
proach is to design a multimode laser that generates
spatially incoherent emission, thus directly suppressing
speckle formation [11]. Low spatial coherence necessi-
tates lasing in numerous distinct spatial modes with in-
dependent oscillation phases. For example, a degenerate
cavity [12–14] allows a large number of transverse modes
to lase, but the setup is bulky and hard to align. Com-
plex lasers with compact size such as random lasers [15–
18] have low spatial coherence and high photon degener-
acy, but are mostly on optically pumped. For speckle-free
imaging applications, wave-chaotic semiconductor micro-
lasers [19] have the advantages of electrical pumping and
high internal quantum efficiency. However, disordered
or wave-chaotic cavity lasers typically have no preferen-
tial emission direction, and the poor collection efficiency
greatly reduces their external quantum efficiency. Our
goal is creating an electrically pumped multimode semi-
conductor microlaser without disordered or wave-chaotic
cavity to combine low spatial coherence and directional
emission.
Moreover, the speed of speckle suppression is crucial
for imaging applications. For instance, time-resolved op-
tical imaging to observe fast dynamics requires speckle-
free image acquisition with a short integration time, so
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the oscillation phases of different spatial lasing modes
must completely decorrelate during the integration time
to attain decoherence. The finite linewidth ∆ν of in-
dividual lasing modes leads to their decoherence on a
time scale of 1/∆ν. The frequency difference between
different lasing modes can lead to even faster decoher-
ence. For example, the emission from many random las-
ing modes with distinct frequencies exhibits low spatial
coherence already within ten nanoseconds [20]. The de-
coherence time was measured for a solid-state degenerate
cavity laser [21]. The intensity contrast of laser speckle is
reduced by the dephasing between different longitudinal
mode groups in tens of nanoseconds, but complete de-
coherence requires a few microseconds due to the small
frequency spacing between transverse modes. We aim
to further shorten the decoherence time by utilizing the
larger mode spacings in a semiconductor microlaser.
Here we design an electrically-pumped chip-scale semi-
conductor laser with spatially incoherent and directional
emission. The emission from conventional broad-area
semiconductor lasers with flat end mirrors exhibits a
good directionality. However, lasing occurs only in a few
transverse modes since the high-order transverse modes
have large divergence angles and hence experience severe
losses [22, 23]. To lower the spatial coherence, we need
to increase the number of transverse lasing modes. With
curved end mirrors, the losses of high-order transverse
modes can be reduced. We consider two-dimensional
(2D) symmetric cavities with two circular concave mir-
rors with radius of curvature Rc as shown in Fig. 1a.
The mirrors are separated by the cavity length L. The
geometry of the cavity is determined by the parameter
g = 1−L/Rc, which is known as cavity stability param-
eter. If Rc is larger than L/2, or g is within the range
(−1, 1), the cavity is called stable in the sense that rays
starting near the axial orbit stay close to it and will re-
main inside the cavity [24]. In the paraxial limit, the
resonances in the stable cavity are described by Hermite-
Gaussian modes, which have different transverse profiles
depending on the transverse mode number m. Figure 1b
shows the spatial intensity profile of a high-order trans-
verse modes with m = 10.
Reducing the speckle contrast to below the level of hu-
man perception ' 0.03 requires 1000 transverse modes
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FIG. 1. Schematic of on-chip stable cavity laser. a, 2D
symmetric stable cavity defined by two concave circular mir-
rors with radius of curvature Rc, distance L and cavity width
W . Rays impinging on the cavity boundary are described by
coordinates (s, χ), where s is the coordinate along the curved
boundary, and χ is the angle of incidence with respect to the
surface normal. b, The spatial intensity profile of a high-order
transverse mode in a stable cavity. c, Non-axial orbits that
lead to non-directional emission. d, Three-dimensional sketch
of the on-chip stable cavity with directional emission. The las-
ing modes are based on the axial orbit and thus have direc-
tional emission. The shape of the top metal contact matches
the spatial profile of high-order transverse modes to ensure
their spatial overlap with gain.
to lase simultaneously and independently [25, 26]. Pre-
vious designs of stable cavity semiconductor lasers with
curved facets [27–29] exhibited less than 10 transverse
lasing modes. The challenge is to increase the number
of transverse lasing modes by two orders of magnitude.
To accommodate higher order transverse modes, we in-
crease the cavity width W . However, modes based on
non-axial orbits like those in Fig. 1c can appear in wide
cavities, yielding non-directional emission. To ensure di-
rectional emission, all lasing modes must be based on
the axial orbit. We eliminate the reflecting surfaces at
the lateral sides, to suppress the non-axial modes based
on the periodic orbits with bounces from the sidewalls,
such as the diamond orbit [28, 29]. In addition, we set
W = L/
√
2 to avoid the rectangle orbits in the stable
cavity. A schematic of our design is shown in Fig. 1d.
The top metal contact for current injection is shaped to
match the profile of high-order transverse modes, to en-
sure their spatial overlap with the gain.
To maximize the number of high-Q transverse modes,
we optimize the cavity shape by fine tuning Rc while
keeping L and W fixed. We numerically calculate the
passive cavity modes using the finite element method
(COMSOL). A 2D cavity with L = 20 µm is simu-
lated. The refractive index of the cavity n = 3.37 corre-
sponds to the effective refractive index of the vertically
guided mode in the GaAs wafer used in the experiment.
Transverse-electric (TE) polarization (electric field paral-
lel to the cavity plane) is considered since GaAs quantum
wells have higher gain for this polarization and the lasing
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FIG. 2. Fine tuning of the cavity geometry to maxi-
mize the number of transverse modes. a, The number
of high-Q passive modes (black squares) and the number of
lasing modes (red triangles) that are based on axial orbit and
exhibit distinct transverse profiles. b, Dependence of qual-
ity factor Q on transverse mode number m for the optimized
near-concentric (g = −0.74), confocal (g = 0), and concen-
tric (g = −1) cavities. c, Calculated spatial distributions of
field amplitude (top) and corresponding Husimi projections
(bottom) for high-order transverse modes (m = 7) in cavities
of different g. The white solid lines in the top row represent
the curved cavity facets, and the dashed lines in bottom row
mark the endpoints of the facets.
modes are TE polarized.
Degenerate cavities with conventional mirrors can sup-
port transverse modes with nearly-degenerate Q-factors
thanks to their self-imaging property [30, 31]. As an ex-
ample of a degenerate cavity we consider the confocal
geometry (g = 0). For the on-chip design with dielec-
tric interfaces as mirrors, however, the Q-factor decreases
significantly as the transverse mode number m increases
as shown in Fig. 2b. Figure 2c shows a typical mode
laterally confined to the cavity axis, resulting in negligi-
ble diffraction loss. However, its Husimi projection [32],
which visualizes the angle of incidence of wave compo-
nents on different parts of the cavity boundary, features
high-intensity spots at nonzero incident angle χ. As m
increases, wave components with increasingly higher in-
cident angles appear. Thus high-order transverse modes
in the confocal cavity experience higher loss since the
reflectivity at a dielectric-air interface decreases with in-
creasing χ for TE-polarized light, making the confocal
cavity unsuitable for multimode lasing.
To solve this problem we consider the concentric cav-
3ity (g = −1). Since the concentric mirrors are part of
a circle, any ray passing through the cavity center hits
the boundaries perpendicularly. Indeed the Husimi pro-
jection in Fig. 2c is strongly localized at χ = 0 and
thus the angle-dependent reflectance is an insignificant
loss mechanism. However, as the mode profile exhibits a
large divergence, light leaks out via diffraction from the
endpoints of the facets. These losses are evident in the
Husimi projection from the high-intensity spots just out-
side the cavity facet. Since the higher order transverse
modes experience stronger diffraction loss, the Q-factor
decreases even more quickly with m than for the confocal
case as seen in Fig. 2b.
We gradually vary g from -1 to 0 in search for the opti-
mal geometry that supports the largest number of high-Q
transverse modes. Fig. 2a shows the number of trans-
verse modes, that are based on the axial orbit and have
Q-factors exceeding 0.8 times the maximal Q-factor, as
a function of g. The optimal geometry g = −0.74 is near
concentric. A slight deviation from the concentric shape
makes the mode profiles laterally localized to the cavity
axis (see Fig. 2c). Moreover, the Husimi projection shows
high-intensity spots centered at χ = 0, which indicates
most wave components have almost normal incidence on
the cavity facet. Therefore, the near-concentric geometry
minimizes both losses from angle-dependent reflectance
and diffraction, resulting in the slowest decrease of Q
with m. As the number of transverse modes scales lin-
early with the width W of the cavity when keeping the
ratio W/L fixed, we can apply this optimization result to
the larger cavities used in experiments (see Supplemen-
tary).
The above optimization is based on the passive cavity
modes. Gain competition can limit the number of las-
ing modes additionally. In order to quantify the effect
of gain competition, we calculate the number of lasing
modes at steady state [33, 34] (see Materials and Meth-
ods). The red curve in Fig. 2a represents the number of
different transverse lasing modes at a pump level of two
times above the lasing threshold. In the confocal cavity,
the number of lasing modes based on axial orbit is no-
tably smaller than the number of high-Q passive modes
due to the existence of non-axial modes with higher Q
that lase first and saturate the gain for the axial modes
(see Supplementary). For the optimized near-concentric
cavity, most of the passive transverse modes with high Q
can lase, indicating gain competition is insignificant.
The experimental results for the on-chip stable cav-
ity lasers are presented in Fig. 3. The cavities are fab-
ricated with photolithography followed by reactive ion
etching from a commercial GaAs/AlGaAs quantum well
epiwafer. The scanning electron microscope (SEM) im-
ages in Fig. 3a show that the etched facets, which serve
as curved end mirrors, are smooth and vertical. The fab-
ricated sample is mounted on a copper block and a tung-
sten needle is placed on the top gold contact for current
injection. Lasing is observed at room temperature with
electrical pumping for all the tested cavities with different
sizes and shapes. To reduce heating, the current pulses
are 2 µs-long with 10 Hz repetition rate. The emission
is collected by an objective lens (NA = 0.4) and coupled
into a spectrometer. Figure 3b shows the emission spec-
tra from an optimized near-concentric cavity (g = −0.74)
at different pump currents. A typical spectrum consists
of many closely-spaced narrow peaks, indicating simulta-
neous lasing of many modes. More lasing peaks appear
at higher pump currents, and they merge to a smooth,
broad spectrum. The L-I curve for a L = 400 µm-long
cavity (inset of Fig. 3b) shows the lasing threshold is
360 mA. The threshold current density is inversely pro-
portional to the cavity length L (not shown), as expected
since the Q-factors increase linearly with L. There was
no significant difference between the lasing thresholds for
cavities with the same L but different g.
To investigate the emission directionality, we measure
the far-field emission patterns at a pump current two
times above the lasing threshold. Figure 3c shows the
far-field patterns for three cavity shapes. For a near-
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FIG. 3. Lasing characteristics of the on-chip stable
cavities. a, SEM images of a fabricated near-concentric
(g = −0.74) cavity of length L = 400 µm. The etched facet is
vertical and smooth. b, Emission spectra at different pump
currents of a near-concentric cavity with L = 400 µm. The
L-I curve is plotted in the inset. c, Far-field intensity patterns
of laser emission from three cavities with g = −0.74,−1, and
0. The V-shaped orbit, which contributes to the sharp peaks
in the far-field pattern of the confocal cavity, is drawn in the
inset. d, The number of transverse lasing modes in near-
concentric (g = −0.74), concentric (g = −1), and confocal
(g = 0) cavities with different length L. The error bars in-
dicate the variation between different cavities of the same g
and L.
4concentric cavity (g = −0.74), a directional output beam
with a divergence angle (half width at half maximum) of
35◦ is observed. The concentric cavity (g = −1) shows a
flat-top far-field pattern with sharp edges. This pattern
is attributed to the broad angular divergence of modes
in the concentric cavity. In contrast, the far-field pattern
of the confocal cavity features sharp peaks on top of a
broad background. The sharp peaks originate from lasing
modes based on a V-shaped, non-axial orbit (see inset
and Supplementary).
We characterize the spatial coherence of the laser emis-
sion from the cavities of different shapes. The emission
is coherent in the direction normal to the wafer since
the sample has only one index-guided mode in the ver-
tical direction. To measure the coherence of emission in
the horizontal direction (parallel to the wafer), we create
speckle patterns with a line diffuser that scatters light
only in the horizontal direction. A CCD camera records
the far-field speckle intensity pattern generated by laser
emission from a single 2 µs-long pump pulse (see Fig. 4a).
In order to quantify the spatial coherence, we calculate
the speckle contrast defined as C = σI/〈I〉, where σI and
〈I〉 are the standard deviation and mean of the speckle in-
tensity, respectively. M = 1/C2 gives the effective num-
ber of distinct transverse lasing modes [1]. Figure 3d
gives the values of M for cavities with different g and L,
measured at two times of the lasing threshold. The num-
ber of transverse lasing modes is the largest for the near-
concentric cavity (g = −0.74). With the ratio W/L fixed,
the number of transverse modes increases with L since a
wider cavity supports more transverse modes. For the
L = 800 µm near-concentric cavity (g = −0.74), about
1, 000 different transverse modes lase, and their combined
emission reduces the speckle contrast to about 0.03 which
is the level of below human perception [25, 26].
To examine the applicability of the optimized laser for
ultrafast speckle-free imaging, we determine how fast de-
coherence of the emission occurs. We use a streak cam-
era to measure the time-resolved speckle patterns with a
temporal resolution of about 60 ps in a setup sketched
in Fig. 4a. Figure 4b shows the spatio-temporal evolu-
tion of the measured far-field speckle pattern of a near-
concentric cavity laser (g = −0.74). The magnification
in Fig. 4c reveals rapid spatial and temporal variations of
the intensity pattern. To quantify the coherence time of
the emission, we calculate the contrast of speckle patterns
as a function of the integration time. As shown in Fig. 4d,
for a short integration time of tint = 0.2 ns, the speckle
has a notable contrast of ∼ 0.2. As the integration time
increases, the speckle contrast drops quickly. Figure 4e
summarizes the reduction of the speckle contrast for tint
from 100 ps to 500 ns. The L = 800 µm-long cavity laser
features lower speckle contrast than the L = 400 µm-
long cavity laser for all integration times. After a rapid
drop, the contrast starts to saturate, exhibiting a kink
at a few nanoseconds (indicated by the solid arrow). A
second kink (indicated by a dotted arrow) follows at sev-
eral tens of nanoseconds after which the speckle contrast
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FIG. 4. Decoherence time for a near-concentric cav-
ity laser. a, Schematic of the setup that measures speckle
patterns with a CCD or streak camera. b, The spatio-
temporal profile of the far-field speckle pattern from a laser
with g = −0.74 and L = 400 µm. c, Magnification of
the speckle pattern revealing fast temporal evolution of the
speckle grains. d, Time-integrated speckle patterns for inte-
gration times 0.2 ns and 20 ns, exhibiting an intensity contrast
of C = 0.21 and 0.098, respectively. e, Dependence of speckle
contrast on the integration time tint, featuring two kinks at
the integration times of a few nanoseconds (solid arrow) and
several tens of nanoseconds (dotted arrow).
further declines.
The time scale of the speckle contrast reduction is re-
lated to the frequency differences of lasing modes when
their linewidths are smaller than their frequency spac-
ings. When the integration time tint is shorter than the
inverse frequency spacing of two modes, their temporal
beating results in a visible interference pattern that os-
cillates in time. For an integration time longer than their
beating period, the time-varying interference pattern is
averaged out, hence the intensity contrast of the speckle
pattern created by these two modes is reduced. With
increasing integration time, more and more lasing modes
become incoherent, as their frequency spacings exceed
1/tint, and the speckle contrast continues dropping. Once
tint is long enough to average out the beating of even the
closest pairs of lasing modes, the speckle contrast can-
not reduce further. The average frequency spacing be-
tween adjacent modes is estimated as several hundred
MHz in our cavities (See supplementary), whereas the
typical linewidth of semiconductor lasers (10–100 MHz)
is smaller than the frequency spacing. Thus the in-
tegration time needed for contrast reduction is deter-
mined by the mode spacing and estimated to be a few
5nanoseconds, which matches the experimental observa-
tions. The additional reduction of the speckle contrast
at a few ten nanoseconds is attributed to a thermally-
induced change of lasing modes [35] (See supplementary).
When the lasing modes change, the output emission pat-
terns change as well and their superposition further re-
duces the speckle contrast.
In summary, we demonstrate directional emission, low
spatial coherence and ultrashort decoherence time in a
compact electrically-pumped semiconductor laser. By
optimizing the shape of an on-chip near-concentric cav-
ity, we maximize the number of transverse lasing modes
and thus greatly suppress speckle formation. Low speckle
contrast is obtained even with an integration time of
a few nanoseconds. Such short decoherence time en-
ables ultrafast speckle-free full-field imaging. Finally,
we compare this work to the previous demonstration of
spatially-incoherent non-modal emission from a broad-
area vertical-cavity surface-emitting laser [36]. By care-
fully adjusting the pump conditions, the cavity is con-
stantly modified by thermal effects, which disrupts the
formation of lasing modes, leading to spatially incoher-
ent emission [37, 38]. Our approach does not rely on
thermal effects, and the decoherence time is two orders
of magnitude shorter. Furthermore, our method does
not utilize any transient process, thus it is applicable to
steady-state lasing. With better thermal management,
our laser may operate under constant pumping, emitting
a continuous wave of low spatial coherence.
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SUPPLEMENTARY MATERIAL
Materials and methods
Passive cavity modes. We calculate the cavity res-
onances with the COMSOL eigenfrequency solver mod-
ule. The cavity resonances are the solutions of the scalar
Helmholtz equation
[∇2 + k2n2(x, y)]Hz(x, y) = 0 (1)
with outgoing wave boundary conditions where k is the
free-space wave number and Hz is the z-component of
the magnetic field. The cavity length is L = 20.0 µm and
the transverse width W = L/
√
2 = 14.1 µm, which is the
maximum width for that the rectangle orbit is avoided
(see Fig. 1c of the main text). For the fine-tuning of the
cavity geometry, only the radius of curvature Rc of the
end mirrors is adjusted from 10 µm (concentric, g = −1)
to 20 µm (confocal, g = 0), while L and W are kept
constant. The resonant modes are obtained in a spectral
range centered at λ0 = 800 nm, which is the approximate
lasing emission wavelength in the experiments.
Figure 5 shows the quality factors and wavelengths of
high-Q modes in concentric (g = −1), near-concentric
(g = −0.74), and confocal (g = 0) cavities. The nu-
merically calculated mode wavelengths agree well with
the analytic expression for the frequencies of Hermite-
Gaussian modes [24],
νm,q =
c
2nL
[
q +
1
pi
(
m+
1
2
)
arccos(g)
]
, (2)
where ν = c/λ is the frequency, c is the speed of light, n is
the refractive index, L is the cavity length, g is the cav-
ity stability parameter, and (q,m) are the longitudinal
and transverse mode numbers, respectively. The devia-
tions between numerical and analytic mode wavelengths
gradually grow as m increases and reach 0.04% for the
highest-order high-Q transverse mode (m = 23) in the
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FIG. 5. High-Q modes in passive cavities of differ-
ent geometries. a, Calculated quality factors and wave-
lengths of resonances in concentric (g = −1), near-concentric
(g = −0.74), and confocal (g = 0) cavities. The upper dashed
lines indicate the maximum Q factor Qmax. The lower dashed
line is 0.8Qmax, the lower limit of high-Q modes in our con-
sideration. Blue dots are modes based on the axial orbit and
red squares are modes on a non-axial orbit. b, Examples
of modes based on the axial mode (left) and the non-axial,
V-shaped orbit (right).
6near-concentric cavity. The deviations are larger for the
concentric cavity (g = −1), since it is at the border of the
stability region where Eq. (2) no longer holds. The fun-
damental transverse Hermite-Gaussian modes (m = 0)
have the highest Q-factors Qmax ' 433, which is equal
to the Q-factor of a Fabry-Perot cavity with length L,
Qmax =
2piνnL
c
ln(1/R) (3)
where ν is the vacuum frequency and R = [(1− n)/(1 +
n)]2 is the reflectivity of the cavity facet for normal inci-
dence. The number of high-Q modes shown in Fig. 2a is
given by the number of modes whose Q-factor is above
0.8Qmax (this range is marked by the horizontal dashed
lines in Fig. 5).
In addition to the usual Hermite-Gaussian modes
based on the axial orbit, modes based on V-shaped orbits
(see Fig. 5) exist in confocal (g = 0) and near-confocal
(g close to 0) geometries. These modes are indicated as
red squares in Fig. 5a, and in most cases exhibit higher
Q-factors than the axial modes since the V-shaped orbit
experiences total internal reflection at one mirror facet.
The number of high-Q modes in Fig. 2a refers only to
the axial modes, excluding the non-axial orbits which
are undesirable due to their non-directional output.
Gain competition. We use the SALT (steady-state
ab-initio laser theory) to investigate the effect of mode
competition in an active cavity [34]. We assume a
spatially uniform distribution of pump and a flat gain
spectrum. Both axial and non-axial modes are included
in the simulations, and the presence of non-axial modes
in the (near-) confocal cavities reduces the number
of axial lasing modes, since the former have higher
Q-factors than the latter. Figure 6 shows the number
of distinct transverse lasing modes at different pump
levels, where only axial modes are counted. The pump
level is defined with respect to the first lasing threshold
of the axial modes. The maximum number of axial
lasing modes is reached in the near-concentric regime of
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FIG. 6. Number of transverse lasing modes. Numer-
ically calculated number of different transverse lasing modes
based on the axial orbit as a function of the cavity stability
factor g at three pumping levels.
g close to −1. The optimal g value depends slightly on
the pump level, but it remains at g = −0.74 when the
pump exceeds twice of the lasing threshold.
Sample fabrication. We use a commercial diode
laser wafer (Q-Photonics QEWLD-808). The gain
medium is a 12 nm-thick GaAs quantum well, embedded
in the middle of an undoped 400 nm-thick Al0.37Ga0.63As
guiding layer, which itself is between p-doped and n-
doped Al0.55Ga0.45As cladding layers (each is 1.5 µm
thick).
The laser cavities are fabricated by the following proce-
dure. First the back contact made of Ni/Ge/Au/Ni/Au
layers (thicknesses are 5/25/100/5/200 nm, respectively)
is deposited and thermally annealed at 390 ◦C for 30 s.
Then a 300 nm-thick SiO2layer is deposited on the front
side. The cavity shapes are defined by photolithography
and transferred to the SiO2 layer by reactive ion etching
(RIE) with a CF4 (30 sccm) and CHF3 (30 sccm) mix-
ture. After the removal of the photoresist, the remaining
SiO2 is used as mask for an inductively coupled plasma
(ICP) dry etching with an Ar (5 sccm), Cl2 (4 sccm),
and BCl3 (4.5 sccm) plasma mixture to create the cavi-
ties. The etch depth is about 4 µm to etch all the way
through the guiding layer and partially into the bottom
cladding layer. After the ICP dry etching, the SiO2 mask
is removed by RIE and a buffered oxide etch (BOE).
The top metal contacts are defined by negative
photolithography, followed by Ti/Au (thicknesses
20/200 nm) deposition. The boundaries of the top
contacts are 5 µm away from the cavity edges to prevent
the top contacts from hanging down and blocking the
emission from the facets. The last process is the lift-off
and the sample is cleaned by O2 plasma afterwards.
Electrical pumping. The fabricated samples are
mounted on a copper plate and a tungsten needle
(Quater Research, H-20242) is placed on the top contact
for electric current injection. The lasers are pumped
electrically by a diode driver (DEI Scientific, PCX-7401)
which generates a series of rectangular current pulses.
We use a pulse length of 2 µs and a low repetition rate
of 10 Hz in order to reduce heating.
Laser testing. The optical setups used for laser char-
acterization are sketched in Fig. 7a. For spectral mea-
surements, the laser emission is collected by a 20× mi-
croscope objective (NA = 0.40). It is then coupled into
a fiber bundle with a fiber collimator (NA = 0.50) be-
hind the objective lens. Its spectrum is measured by an
imaging monochromator (Acton SP300i) equipped with
an intensified CCD camera (Andor iStar DH312T-18U-
73).
To test the laser directionality, we measure the
far-field emission patterns with the setup in Fig. 7b.
The objective lens is removed and the laser emission is
measured after free-space propagation. A CCD camera
(Allied Vision, Manta G-235B) is placed at a distance
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FIG. 7. Schematics of the experimental setup. a, Op-
tical setup to measure the emission spectrum. Emission from
the end facet of a cavity is collected by an objective lens
(Obj1) and coupled into a fiber bundle by a fiber collimator
(FC1). For spatially resolved measurement of laser emission,
the fiber collimator (FC1) is removed, and the end facet of
the cavity is imaged onto a CCD camera or the entrance slit
of a streak camera. b, Optical setup to measure the far-field
emission patterns. The laser emission is directly measured
with a CCD camera on a rotating mount on a rail.
D = 6 cm away from the cavity. A large angular range
is covered by moving the CCD camera on a rail while
rotating the camera to face the cavity at every position.
Since the distance R from the cavity to the camera varies
with the position, the measured intensity is rescaled
by 1/R2 accordingly. The recorded images are stitched
together in the horizontal direction and vertically in-
tegrated to obtain the far-field patterns shown in Fig. 3c.
Measurement of spatial coherence. The spatial
coherence of laser emission is measured using speckle
patterns generated by a line diffuser. The microscopic
structure of the line diffuser (RPC Photonics, EDL-20)
consists of fine random elongated grains of about 10 µm
width on top of a quasi-periodic structure of 100 µm
scale.
The optical setup (Fig. 4a) consists of an objective lens
that collects the laser emission and a line diffuser that is
placed in the pupil plane of the objective (6 mm diam-
eter). The laser emission fills the entire aperture of the
objective and thus covers hundreds of random elongated
grains of the line diffuser. A plano-convex lens in f − f
configuration between the diffuser and the CCD camera
(Allied Vision, Mako G-125B) allows to measure the far-
field speckle patterns.
Figure 8a is the measured speckle pattern from a near-
concentric cavity laser. For comparison, the speckle
pattern from a source with high spatial coherence, a
frequency-doubled Nd:YAG laser (Continuum, Minilite),
is also measured with the same optical configuration
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FIG. 8. Speckle patterns from a line diffuser. a,
Laser emission from a near-concentric cavity (g = −0.74, L =
400 µm) passes through a line differ, and the far-field speckle
pattern has an intensity contrast C = 0.035. The effective
number of distinct transverse lasing modes is M = 1/C2 =
820. b, A spatially coherent Nd:YAG laser beam (λ = 532
nm) passing through the same diffuser creates a speckle pat-
tern with contrast C = 0.76.
(Fig. 8b). The typical speckle size on the CCD camera
is 2.5 pixel calculated from the intensity autocorrelation
function, so that the speckle contrast reduction due to
undersampling is negligible [1]. For each speckle contrast
measurement, speckle patterns are repeatedly measured
for different lateral positions of the line diffuser, and the
speckle contrasts for these different disorder realizations
are averaged.
In order to measure time-resolved speckle patterns, the
CCD camera is replaced by a streak camera (Hamamatsu
C5680) with a fast sweep unit (M5676). The streak cam-
era is operated with 20 ns-long time windows and the
temporal resolution is about 60 ps. The time-resolved
speckle patterns in longer time windows are obtained by
putting together multiple 20 ns-long streak images for
consecutive time intervals.
Scaling of the number of modes with the cavity size
When comparing different cavity geometries, we sim-
ulate small cavities with length L = 20 µm and width
W = 14 µm to keep the computation time reasonably
short. However, the cavities used in experiments are
much larger with L = 400–800 µm and W = 283–566 µm,
in order to increase the total number of transverse modes
and lower the pump current density to reduce heating.
To verify that the optimal value of the stability param-
eter g found in simulations holds for larger cavities, we
perform simulations with a L = 40 µm-long cavity.
Figure 9 shows the high-Q modes in two near-
concentric cavities (g = −0.74) with L = 20 µm and
L = 40 µm. The ratio L/W =
√
2 is the same for
both cavities. The wavelengths and quality factors of
the modes with relatively high Q are shown in Fig. 9a.
The maximum Q-factor Qmax of the L = 40 µm and
L = 20 µm cavities are 867 and 433, respectively, as
expected from Eq. (3). The shaded regions in Fig. 9a in-
dicate the high-Q regions of 0.8Qmax ≤ Q ≤ Qmax. The
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FIG. 9. Scaling of the number of transverse modes
with cavity size. a, Calculated Q factors and wavelengths
of modes with relatively high Q in near-concentric cavities
(g = −0.74) with lengths L = 40 µm (red triangle) and L =
20 µm (black dots). The dashed lines represent the maximum
Q-factors Qmax in the two cavities. The shaded areas indicate
the high-Q regions of 0.8Qmax < Q < Qmax. b, Dependence
of Q-factors on transverse mode number m for L = 40 µm
(red triangle) and L = 20 µm (black dots). Q is normalized
by Qmax of each cavity. The dotted lines are linear fits and
their slopes are shown.
high-Q resonances of the L = 40 µm-long cavity are more
closely spaced than those of the L = 20 µm-long cavity
since the total number of resonances is proportional to
the area of the cavity.
Figure 9b shows the dependence of the Q-factors on
the transverse mode number m for the near-concentric
cavities (g = −0.74) for L = 20 µm and L = 40 µm. The
Q-factors decrease approximately linearly with m, where
the slope of the decrease for the L = 40 µm-long cavity
is about one half of that for the L = 20 µm-long cavity.
This indicates that the number of different transverse
modes with high-Q is about twice as large for the L =
40 µm-long cavity as for the L = 20 µm-long cavity.
This linear scaling is verified for another cavity geometry,
g = −0.54, where the slopes are 1.2×10−2 and 6.1×10−3
for L = 20 µm and L = 40 µm-long cavities, respectively.
Due to this linear scaling, the optimal value of g, at which
the number of high-Q transverse modes is maximal, is
independent of the cavity size.
Frequency spacing of cavity resonances
The first kink in Fig. 4e of the main text indicates that
the speckle contrast saturates at the integration time of
a few nanoseconds. This time scale is related to the av-
erage frequency spacing between neighboring modes. We
estimate the average mode spacing using the simulation
results for a small cavity and apply linear scaling with
the cavity size as explained in the previous section. For
the near-concentric cavity (g = −0.74) with L = 20 µm,
the number of high-Q transverse modes is 23 as given
in Fig. 2a. The free-spectral-range (FSR) is given by
the longitudinal mode spacing, c/(2nL) = 2.225 THz.
Within one FSR, there is a series of transverse modes
with m = 0–22. Thus the average frequency spacing be-
tween adjacent transverse modes is about 96.7 GHz.
In the experiments, the laser cavities with L = 400 µm
have both L and W increased by a factor of 20 compared
to the simulated ones. Consequently, the FSR is reduced
by a factor of 20, and the number of transverse modes
within one FSR increases by 20. Therefore, the average
mode spacing is reduced by a factor of 400, which yields
242 MHz. The beating of two modes is averaged out
when the integration time is longer than the inverse mode
spacing, which is about 4 ns. This estimation gives the
correct order of magnitude for the integration time at
which the speckle contrast stops dropping in Fig. 4e.
Thermally-induced mode instability
In Fig. 4e of the main text, the speckle contrast dis-
plays a second kink at several tens of nanoseconds after
which the contrast further decreases. This behavior is
caused by thermal effects that cause the lasing modes
to change in time. We conduct time-resolved measure-
ments of the lasing spectrum to observe the spectro-
temporal dynamics. The gating function of the inten-
sified CCD camera is used to acquire the lasing spec-
tra with 10 − 50 ns time resolution. The spectra from
multiple measurements with consecutive time intervals
during the pump pulse are combined to obtain the spec-
trochronogram of a whole pulse. Figure 10a is the
measured spectrochronogram of a near-concentric cavity
(g = −0.74) laser with L = 400 µm. Since thermal equi-
librium is not reached, the emission spectrum red-shifts
during the pulse due to sample heating. Figure 10b is
the spectrochronogram in a 400 ns-long interval with a
finer temporal resolution of 10 ns.
The measured spectrochronogram reveals changes of
the lasing spectrum during the pulse. Lasing peaks ap-
pear or disappear over the course of the pump pulse as
different lasing modes turn on or off. In order to quantify
the time scale of these changes, we calculate the tempo-
ral correlation function of the spectral changes defined
as [35]
C(τ) =
∑
λ
〈δI(t, λ)δI(t+ τ, λ)〉t, (4)
where δI(t, λ) ≡ [I(t, λ)−〈I(t, λ)〉t]/σI(λ) is the normal-
ized change of the emission intensity and σI(λ) is the
standard deviation. The half width at half maximum
(HWHM) of the temporal correlation function C(τ) gives
the time scale of the spectral dynamics. In Fig. 10c, the
sharp drop of C(τ) at τ ∼ 0 is caused by the measurement
noise. The HWHM of C(τ) is about 40 ns, extrapolated
from the more gradual decrease of C(τ) after the ini-
tial drop. This is approximately the integration time in
Fig. 4e where the second kink occurs, thus the further re-
duction of the speckle contrast is caused by the switching
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FIG. 10. Time-resolved spectra of laser emission. a,
Measured spectrochronogram I(t, λ) of laser emission from
a near-concentric cavity (g = −0.74, L = 400 µm) at the
pump current of two times the lasing threshold. The temporal
resolution is 50 ns. The spectra at 0.8 µs and 1.2 µs are
plotted on the right as dashed and solid lines, respectively. b,
Spectrochronogram during a 400 ns long interval measured
with 10 ns resolution, showing that lasing peaks appear and
disappear in time. c, The autocorrelation function C(τ) of the
time-resolved spectra in b. The half width at half maximum
(HWHM) of C(τ) is about 40 ns.
of lasing modes. The new lasing modes generate distinct
speckle patterns that are superposed to the ones created
by the old lasing modes, reducing the intensity contrast
of the time-integrated speckle patterns.
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